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ABSTRACT 

The receive properties for a dipole in the presence of sea water 

were obtained by solving integral equations for currents along 
the unloaded dipole and its image. For dipoles of 0.1A or higher 

above the sea surface, the performance resembled that of a di- 
pole over a perfectly conducting plane; for dipoles within 0. IX 
above the sea surface, the relative gain dropped in about the 
same proportion as the relative reduction in the strength of the 
resultant electric field. An insulated \/2 dipole with a conjugate 
load matched in free space had a relative power gain of 17 dB 
below isotropic at the sea surface. 

Accepted for the Air Force 
Joseph J. Whelan,  USAF 
Acting Chief,  Lincoln Laboratory Liaison Office 
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DIPOLE RECEIVE CHARACTERISTICS 
IN THE PRESENCE OF SEA WATER 

I      INTRODUCTION 

The difficulty of satellite-to-submarine communication at UHF frequencies 

is readily apparent when sea-water UHF parameters and the complex sea- 
4 

water reflection coefficient are investigated.   The skin depth   of sea water for 
a frequency of 250 MHz is 0.625 inch,  so the loss is about 14 dB/inch, which 

is too much for any useful application of a submerged receiving dipole antenna. 

The reflection coefficient of a sea-water plane surface for radiation po- 
larized perpendicular to the plane of incidence is 

Ri = (cose - N/N
2
- sin26)/(cos9 + N/N

2
 - sin28) = |Rr | e    ^ (1) 

where |R J | is the modulus and <p \ is the phase retardation of R j , 9 is the angle 
of incidence measured from the positive y-axis [Fig. 1(a)), and N = Ji   - jo/a>e~, 
the index of refraction.    |R J | and <p i are plotted in Fig. 1(a) as a function of 0. 
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Fig. 1(b).    Resultant electric field at low heights above sea w ater. 
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Observe that |-R i | lies between 0.9 and 1 and the total variation of the 

phase retardation <p t occurs between +176° and H80°, while those same pa- 

rameters for a perfect conductor are |R 11 =1 and <p i ~ 180°.   The resultant 

electric field E,, polarized perpendicularly,  on and above a sea-water plane 

surface is shown in Fig. 1(b) where the modulus |'R | and the phase are plotted 

for normal incidence at 250 MHz.    The corresponding values for a perfect con- 

ductor surface are also included for purposes of comparison.    It may be noted 

that on the sea-water surface |E, f drops to 1/10 that of the incident wave so 

that, apart from other factors, a dipole very close to the surface would have 

its received power much reduced from its free-space value. 
It appears that the only possibility for reception of UHF signals with rea- 

sonable antenna gain (>20 dB below isotropic) lies in the use of an antenna 

floating on or above the sea surface.    Previous theory   indicated a sharp drop 
in gain as a dipole antenna was brought close to the sea surface;  in fact, this 
theory showed the gain tending to zero and the input resistance tending to in- 

finity.   Thus, the question of whether reception with a dipole floating close to 
the sea surface was even theoretically feasible is still open.    To refine this 
theory, especially for dipoles within 1 to 2 cm of the surface at 250 MHz, a 
theoretical approach based on image theory was used.    The close analogy be- 
tween the field over sea water and over a perfect conductor suggests that at 

UHF,  sea water should act like a good conductor for a wave polarized perpen- 
dicularly and that image theory may be applied. 

The problem to be solved is to determine how the power in the load of an 

isolated dipole used to receive a UHF signal from a satellite is altered when 

brought in proximity to a sea-water plane.    For simplicity, the assumption 

is made that the dipole is far away from the transmitting source, that the am- 

plitude of the electric vector is sensibly constant over the length of the antenna 
2 and is directed tangential to its axis.    The possible effect of a transmission 

line is excluded in this analysis.   In the practical case, the transmission line 
connecting the load impedance to the antenna is part of the antenna and must 
be analyzed integrally with the antenna. 

■t^Kjfc. mgjjäfl tuBnät^amitam 



The method used to determine the receive characteristics of a dipole in 

the presence of sea water is to dispense with the conducting medium by intro- 

ducing the image configuration of both dipole and field.    Integral equations are 

then set up for the current along both the unloaded dipole and its image, which 

are now equivalent to two coupled antennas with different driving voltages. 

Thus, the simultaneous solution of the integral equations can be carried out 
3 

by resolving   the current into a symmetric and an antisymmetric pair.    The 

short-circuit current a, the terminals, multiplied by the driving point imped- 

ance of the dipole when used for transmission, gives the open-circuit voltage. 

The equivalent circuit of the receiving antenna is then used to obtain the cur- 

rent in, or voltage across, the load impedance. 

II.     MATHEMATICAL FORMULATION 

A dipole of radius "a" and its image [Fig. 2(a-b)] are spaced ß b radians 

apart, measured from center-to-center, and their axes are parallel to the 

z-coordinate with ends at z = ±h.    The incoming wave is represented as rays 

in the diagram and the correspoi; ling image rays are altered by the reflection 

coefficient.    Phy 1 and Image Ray 2 excite the dipole,  and the image dipole is 

excited by Ra> 2 and Image Ray i.    The phase difference between the arrival of 

Ray 1 and the Image Ray 2 at the dipole is simply the sum of the net difference 

in path length of Ray 1 and Image Ray 2 and the phase retardation of the reflec- 

tion coefficient,   i.e.,  <p j - ß b cos9.    Having dispensed with the ocean sur- 

face via the image, the dipole in the presence of sea water bears great resem- 

blance to the case of two identical, nonstaggered parallel receiving antennas. 

Therefore, the integral equation for the current along the unloaded dipole can 

now be written as 

\     L(z')K (z, z')dz' + \      IJz'lIClz.z'Idz'r-jf [C, cos/3  z 
•Ih J-h   * D *o     1 ° 

+ U(1 + R| e"jr)J 
± 

(2) 
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<°> ~    cosÖ + y^C^ 

** INDEX of REFRACTION 

N   = er-j<r/u)«0 

Fig. 2(a-b).    Mathematical 

where c, is an arbitrary constant and 

r-j0o ^777^1 

(b) 

model. 

*Uz, **) ne? exp 
(3) 

K
bte, z') =exp 

L    v(z-. z')2 +b2 

r = 0ob cose 

and fo is the free-space characteristic resistance and 

Ü = - E/ß 

(41 

(5; 

(6; 
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The reference of the phase is taken at the center of the dipole.   The corre- 

sponding integral equation for the image dipole is 

\     I2(z«)Ka(z,z«)dz' +j      I^zMKyz.z^dz' =-,j ~~ Ic2 
C0S^0

Z 

where C- is an arbitrary constant. 

The currents L(z) and Mz) may be written as 

(7) 

yz) ± IS(z) + Ia(z) (8! 

I,(z) = Is(z)-Ia<z) (9 

where I (z) and I (z) are the symmetrical and antisymmetrical components of 

current in either antenna.    The assumed direction of these currents is indicated 

in Fig. 2(b). 

By substituting Eqs. (8) and (9) into Eqs. (2) and (3), the following independ- 

ent integral equations for the currents Is(z) and Ia(z) are obtained: 

.h 
f     IS(z')Ks(z, z')dz' =-j i£ (cs cos/3  z +U8) 
J-h ?o ° 

rh 
\      Ia(z») Ka(z, z')dz' --i ~ (Ca cos/3 z + Ua) 
J-h '   *o ° 

(10] 

(11) 

where 

K°(z, z') = Ka(z, z') + Kb(z,z') 

K (z,zf) - K (z, z')- K, (z, z') 
a b 

Us = U(l +e"jy) (1 + R. )/2 

Ua - U(l- e~JY) (1 - R, )/2 

(12) 

(13) 

(14) 

(15; 

L    „ !'j'-'- 
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C8 = (0, +C2)/2 

Ca = (0^ C2)/2 

(16) 

(17) 

Equations (10) and (11) are identical in form to the integral equation for 
3 the unloaded current in an isolated receiving antenna.    Therefore, the solution 

for Eqs. (10) and (11) can be obtained by investigating the isolated receiving di- 

pole with appropriate substitution for the Kernel and U-functions. 

The current at the load terminals for a short-circuited isolated dipole is 

I.(0)=-4ffU(he/A)(l/Zo) (18] 

where h   is the effective half-length,   Z   is the driving point impedance of the 

dipole when used for transmission, and U = -E/0O-   Thus, the corresponding 

solution for Eqs. (10) and (11) is 

r •<—■$$ —(¥)[- 
e"Jr)(l + Rj^ 

(19) 

Similarly, 

^~^{$($~™$f ii^Ud-e'^Xi-R^) 
7a (20) 

In Eqs. (19) and (20), 

zs=z11+z12 (21) 

11        lc (22; 

where Z., is the self-impedance of the dipole in proximity *o its image,  and 

Z-2 is the mutual impedance. 

Circuital Relations:-   Once the symmetric and antisymmetric short-circuit 

currents are obtained, the equivalent circuit for a receiving dipole can be ap- 

plied to find the voltage V. - that is developed across the load impedance Z, 
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connected across the terminals of the antennas, namely, 

I®(0) = Is(t» -j5 
s 

Z° + Z, 
(23) 

lf(0) = Ia(0) —£ 
Za +2, 

(24) 

Hence, 

V4T  =ZT [IT
s(0)+lf(C)] 1L ' ~LlJlL^' " AL 

Z 

(Za +ZL)(Z" f zL) 

+ i2(0)z12zL]    . 

a     ,      lh<°"Zii + Z±lZL-Zh> 

(25) 

III.   NUMERICAL SOLUTIONS FOR X/2 DIPOLE 

Consider a dipole for which ß h = TT/2 and ß = !0.    The self-impedance of 
this dipole,  when isolated,  is Z    = 86.5 + J41.7 ohms.    Let it be center-loaded 

by an impedance Z,  = 86.5 - J41.7 ohms so that a conjugate match is obtained. 

An investigation of the receive properties of this dipole when its axis is parallel 
and in proximity to the ocean should be made. 

The close resemblance of Eqs. (10) and (11) to the corresponding equation 

for an isolated dipole provides a simple method for obtaining V. T with appro- 

priate substitution of expansion parameters. 
The effective length of a receiving antenna with radius "a" when oriented 

in parallel to a distant transmitter dipole is 

where Z   is the input impedance of the dipole when used for a transmitting 

antenna and 

Uc(0oh) = J4TT(1 - cos/Mi)/^ [*du cos/^h- *u(h)l     . (27) 
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For a half-wave dipole, i.e., ßQh = w/2, 

U0(ff/2) = -j4»A0 [Cs(A, 7T) - jSs(A, TT)1 

where A = /3 a, and C   and S   are generalized sine and cosine integrals. OSS 
Hence, 

(28) 

Mh * X/4) 

—J2oA0f
Cs(A'7r)-JSJA,7T)]     . 

(29) 

Note that the effective lengths 2hs and 2ha are like 2h   for an isolated 
a        e e 

dipole except that the radii are A   and A   instead of A.    The effective radii s a 
A   and A   can be obtained readily by examining the integral equations for 
which the corresponding expansion parameters are defined when ß h - n/2, 

3 o i.e., for an isolated dipole, 

*Ki = lca(f,o,! = ,2sinh-^_fr=ln_Ci(7r)]_.si(7r)( 

Therefore, for the symmetrical case, 

*S=|Ca(|,0)+Cb(>,B)| 

= |2sinh-   J-fr+ln^-CK^J-jSifrJ+zCcUB.Tr/a) 

- ,]'2Sc(B, TT/2) 

and for the antisymmetric case, 

*    = l2sänh-1^-[r + inff_Ci(ff)]_.Si(7r)_2Ccl{B>ir/2) 

+ j2Sc(B,ir/2)|     . 

For a half-wavelength isolated dipole, 

♦K1 =0-K 

where o . 2 te (2h/a) and K , ^    ^^  ft ^ ^^ ^ ^ 

(30) 

(31) 

(32} 

(33) 

(34) 

(35) 
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TABLE I 

EFFECTIVE  LENGTH 

b/X 5 |he
a!A |he

sIA 

0.02 10 0.209 0;167 
0.03 10 0.2077 0.1679 
0.04 10 0.204 0.1686 
0.05 10 0.2001 0.1693 
0.06 10 0.198 0.17 
0.07 10 0.196 0,173 
C. 08 10 0.195 0.177 
0.09 10 0.193 0.179 
0.1 10 0.192 0.1796 
0.2 10 0.186 0.1817 
0.3 10 0.183 0.185 
0.4 10 0.183 0.1865 
0.5 10 0,182 0.187 
0.6 10 0.182 0.186 
0.7 10 0.183 0.185 
0.8 10 0.184 0.185 
0.9 10 0.185 0.183 
1.0 10 0.i86 0.1825 

10 
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A   =2poheexp[-ns/2] 

Aa=2/3ohee,£pr-aa/2)     - 

(36) 

(37) 

Therefore, the values of h  A and h   A are then calculated directly from 

Eq. (29).    Note that h  A and hVA are real provided ß h = rr/2.    Computations 
of the corresponding input impedances for a X/Z dipole of radii As and Aa were 
carried out by the polynomial-exponential-product method.    The computed 

values of the symmetric and antisymmetric effective lengths for ß h * TT/2 and 
ß = 1 0 are listed in Table I. 

Observe that, as the dipole is brought close to the ocean surface, t\ a 
s 

symmetric radius A   becomes smaller and corresponds to a thinner aipole, 
whereas A   becom°    so Targe that the validity of this approach is in doubt. 
However,  it is reasonable to assume that for bA > 0.02.  *♦£■. the dipole is 
situated at 4.2 cm or more above the sea water, the calculated results are gen- 
erally accurate. 

It is now a simple matter to obtain V. T as given by Eq. (25) in terms of 
L(0) and I2(<H    The results,  in which the power in the load of an isolated di- 
pole is used as a reference, are plotted in Fig. 3. 

IV.   DISCUSSION 

For comparison purposes,  Fig. 4,  obtained principally from Fig. 3,  is a 
plot of the relative power received with the dipole at b/2 = 0,15X as a refer- 

ence.    The generally good agreement with the experimental data obtained by 
A. Sotiropoulos suggests that the mathematical model is valid, at least for 
b/2 ^ o. on. 

It is interesting to compare the receive properties of a X/2 dipole in the 
presence of a perfectly conducting sheet with those for a sea-water plane. 

11 
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Fig. 3.    Relative power received vs dipole heights D/A. 
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Fig. 4.    Relative power received vs dipole position. 

In proximity to a conducting sheet, the integral equation for the current 
along the unloaded dipole can then be written from Eq. (2) by putting R i = -i: 

\      I^z'Hiyz^')- Kb(z,z»)]dz' -_j il [Cl cos^0z 
™0 

+ U(l - e"*JT)]     . (38) 

The current in the image dipole is obviously the negative of the current in 
the dipole, and no integral equation need be written for it. The same numeri- 
cal calculations for Eq. (2) can be carried out for Eq. (38). 

The terminal currents of a \/2 receiving dipole in proximity to either a 
perfectly conducting sheet or sea water are plotted in Fig. 5.    The symmetric 

currents are much smaller in the presence of sea water than the correspond- 
ing antisymmetric currents,  which have the same order of magnitude as the 
terminal currents, for the antenna in the presence of a perfect conductor. 

13 
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It is also observed that, except for a small amount of symmetric terminal 

current (which is approximately i/20 of the corresponding antisymmetric cur- 

rent), the terminal current of a x/2 dipole in the presence of sea water is prac- 

tically the same as that for the same dipole in the presence of a perfect con- 

ductor.   The relative power received at low dipole heights for both sea water 

and a perfect conductor is plotted in Fig. 6. 

The general similarity of the curves for b/2 ^ 0. 01 A. suggests that, for 

practical purposes, the receive properties of a A/2 dipole over the sea can be 

obtained readily by looking at the same dipole over a perfectly conducting 

plane. 

When the dipole is very close to the sea surface (b/2 < 1.2 cm), the power 

loss of a A/2 dipole is unknown.    An extrapolation of the available calculated 

data is possible by using the following facts: 

(a) The relative power loss at low dipole heights is approximately 
proportional to the relative reduction of the electric field 
strength. 

(b) The wavelength along the antenna with moderately thick insulation 
(the ratio of diameters of insulation and antenna is at least greater 
than four) is comparable to that in air or a dielectric such as rub- 
ber or polystyrene.   A fairly smooth change in properties would 
then be expected as the antenna is brought in contact with the sea- 
water plane. 

When the dipole is very close to the sea surface, the antisymmetric im- 

pedance is closely approximated by the conventional transmission line theory 

when applied to a section of lossless line of length 2h with an equal and oppo- 

site point generator connected in series with the two conductors at its centers. 

Therefore, for a A/2 dipole, its symmetric impedance should be very small 

as shown in Table I, while the antisymmetric impedance is close to twice the 

input impedance of an isolated antenna.    Therefore,  one would expect at least 

an additional 6-dB loss from b/2 =1.2 cm to 0.    It appears that a x/2 dipole 

might have a reasonable gain (>-20 dB). 

The power gain vs angle of inciderce is plotted in Fig. 7.    It is observed 

that the power loss for the x/2 dipole at a fixed dipole height for various angles 
2 of incidence is roughly proportional to (cos0 ) .    This property imposes a 

15 
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sea-water plane or conducting sheet. 
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Fig. 7.    Relative power received vs angle of incidence. 

serious limitation on performance of the A/2 dipole for reception in proximity 

to sea water in which 6-dB loss is expected at 0 =60° as compared with nor- 
mal incidence. 

The effect of the sea-water plane obviously increases as the height of the 
horizontal dipole is decreased, and one of the main parameters of practical 

interest is the input impedance of such a dipole.    As very little information is 
available on the behavior of a horizontal dipole radiator above the sea surface, 
a mathematical analysis of the problem is very difficult.    However, advantage 
can be taken of the available calculated data to obtain the impedance of a hor- 
izontal dipole whose height above the sea surface is only a small fraction of a 
wavelength. 
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The power in the load is obtained from Eq. (25), 

PL,RL'XL|:RLV,20AA 

where 

and 

and 

AL = Kl + K2<RL + XL> + K3RL + K4XL 

As = (Rs+)2 + (Xa+>2 + RL + XL + 2Rs+ + 2Xs+XL 

Aa = (Rs )Z + (Xs")2 + RL + XL + 2Rs" RL + 2Xs" XL 

K, =T|Zs-|2+S|Zs
+|2+2Re[C.   (ZgV   (Zg-)] 

K, = T + S + 2R (C) & e 

K- = 2TR* + 2SR+ + 2R   {C [(ZoV + (Z~)]} 
O S S 6 S S 

K4 = 2TXs" + 2SXg
+- 2Im (C* [(Z~)* + (Zg

+)* ]} 

T = |IS(0) Zs
+|2 

s 

S = |la(0) Z -i2 

C = IS(0)Ia(0)* Zo
+(Z")* 

s     s 

s        11        12 

Zs = Zll ~ Z12     * 

(39) 

(40a) 

(40b) 

(40c) 

(41a) 

(41b) 

(41c) 

(41d) 

(42a) 

(42b) 

(42c) 

(42d) 

(42e) 

Maximum power transfer will occur when the circuit is adjusted for a con- 

jugate impedance match. Therefore, a method whereby Pj becomes maximum 

is used to find the values   f Rj-and X,.    The results are plotted in Fig. 8.    As 
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Fig. 8.    Impedance of \/l dipole at low dipole heights. 

the horizontal antenna is brought closer and closer to the sea surface,  its ra- 

diation resistance decreases rapidly; this presents a serious problem in de- 

signing a matching circuit. 
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